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Abstract 
The laser trackers play an important role in fabrication and assembly of aircraft, spacecraft and other large-scale products, and optimization 
of laser tracker configuration station is one of the core issues. When laser trackers are used on the shop floor, environment factors, especially 
non-uniform temperature can induce considerable measurement uncertainty. Aiming to reduce measurement uncertainty of laser tracker, 
optimization of laser tracker configuration station for large-scale components in non-uniform temperature field using the Monte-Carlo method 
is proposed. Firstly, an improved mathematical model for measurement uncertainty of laser tracker is established. This mathematical model is 
more applicable to measurement uncertainty evaluation of laser tracker because it takes main measurement uncertainty sources (mechanism 
system and non-uniform temperature) into account. Secondly, the Monte-Carlo method is used to evaluate measurement uncertainties of laser 
tracker in different configuration stations. Based on the measurement mathematical model, a serial of simulation data can be generated to 
evaluate the uncertainty of measurement task. Through iterations, the optimal configuration station of laser tracker, in which measurement 
uncertainty is minimal, can be obtained. Finally, an example of measurement scenario about measuring the inspection jig of an aircraft door 
demonstrates that the proposed method is feasible and effective. The proposed approach to identify the optimal position of laser tracker is 
intuitionistic and efficient. 
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Nomenclature 
LT            Laser Tracker  
IFM          Interferometer 
ADM        Absolute Distance Measurement 
MC           Monte Carlo 
ILVMS     Integrated Large Volume Measurement System 
CAA         Component Application Architecture 
OTP          Optical Tool Point 
PSO          Particle Swarm Optimization 
1. Introduction 
The LTs play an important role in the fabrication and 
assembly of aircraft, spacecraft and other large-scale products 
due to their high speed, high accuracy and wide measurement 
range. Configuration optimization of LT stations is becoming 
one of the core issues [1,2]. The configuration optimization of 
LT station is to determine the best location of LT in the 
feasible region from the point of view of precision and 
reliability, taking the measuring error and uncertainty as 
optimization indexes, under the constraints of the shop floor 
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physical environment, including temperature, lighting, flutter, 
humidity, pressure, etc.  
When LTs are used on the shop floor, environment factors, 
especially non-uniform temperature can induce considerable 
measurement uncertainty. Temperature effects are often the 
dominant source of measurement uncertainty of laser tracker 
due to refractive index changes will influence measurement 
precision of IFM and ADM of LTs[3]. Because different 
configuration station of LT leads to different measurement 
uncertainty. The key issue of LT optimization configuration is 
to find the configuration stations of LT which can reduce 
measurement uncertainty of measuring characteristics or 
measuring points. At present, there are quite a few researches 
on the optimization of LT configuration in large-scale 
measurement. Tang et al. analyzed the site measuring 
uncertainty of the LT by moving instrument locations. Series 
experiments of single point and length were designed to 
obtain the site measurement uncertainty of LT [4]. Ouyang et 
el. paid a great attention to study how the time and 
temperature affect the measuring accuracy of LT. Their 
studies have shown that angular errors are the key 
contributors to measuring errors of LT. A device to measure 
angular errors of LT on CMM has been invented. Using this 
technique to calibrate the LT on the CMM the maximum 
measuring error of the LT in measuring distance of 1.56m has 
decreased [5]. Li et al. applied the Monte-Carlo method to 
evaluate the task specific measurement uncertainty of LT. The 
results of the MC method and LT measurements are in well 
agreement with each other [6]. However, these studies haven’t 
established the measurement uncertainty mathematical model 
of LT in non-uniform temperature field and have not given an 
effective method to find the optimal configuration station of 
LT. Moreover, although manufactures of LTs provide the 
method to compensate temperature induced measurement 
uncertainty by using environment station, the temperature 
distribution is regarded as uniform field. The compensations 
are just based on wavelength variation from 20ć to read of 
environment station, non-uniform temperature distribution in 
workspace, including temperature variation in space and time, 
was not taken into account. 
Therefore, it is necessary to explore methods for seeking 
out LT optimal configuration stations in the non-uniform 
temperature field. Considering actual conditions of typical 
large-scale measurement and temperature field constraints, an 
optimization mathematic model of LT configuration station is 
constructed in this paper. An example of measurement 
scenario about measuring the inspection fixture of an aircraft 
door shows that the proposed method is effective and 
promising.  
2. Mathematical model for LT measurement uncertainty  
2.1. Measurement uncertainty analysis 
LT is a portable spherical coordinate large-scale 
measurement system. The LT is basically a spherical 
coordinate measuring machine. It measures 3D coordinates 
with laser beam by following a mirrored spherical probe. The 
control unit combines the distance information from laser 
interferometer and the angle information from encoders to 
calculate 3D coordinates of the reference target. The 
measurement uncertainty is produced from the LT system, 
together with the environmental and operational factors, as 
can be seen in Fig.1. 
In different measurement tasks, these factors may make 
different contributions to measurement uncertainty. However, 
LT system errors and non-uniform temperature field 
(including uniform in space and time) are always the 
dominant factors to induce the measurement uncertainty when 
a LT is used on the shop-floor. 
 
 
Fig. 1 Measurement uncertainty sources 
2.2. System measurement uncertainty 
LT can measure the distance (l) to the target point (P), the 
horizontal angle (α) and the zenith angle (β)ˈ as shown in 
Fig.2. Measurement values of l, α and β are lm, αm and βm .  
 
Fig. 2 Measurement principle of LT 
The distance is measured by the laser interferometer 
components, and the angles components are measured by 
high-precision angle encoders. The coordinate of P can be 
determined as following 
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where, lm, αm and βm are measurement values, xm, ym and zm are 
measurement coordinate values of P. System measurement 
uncertainty of LT, which is induced by assembly 
misalignment, components accuracy and other factors of LT, 
will cause the difference between measurement values and 
actual values. The measurement uncertainties of α, β and l can 
be expressed by 
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where, εl, εα and εβ are measurement uncertainties of α, β 
and l. 
Temperature induced measurement uncertainty 
Although the LT contains one or more sensors that 
measure the air temperature to compensate measurement 
errors, because of the refraction of the air along the laser 
beam path caused by time varying non-uniform temperature 
field in the production environment, measurement errors will 
occur inevitably.  As can be seen in Fig.2, a LT is set up to 
measure the distance from O to P. The actual value of 
distance is 
 p
o
l ds ³                                                                                
(3) 
where ds is a length element along the laser beam path. 
At the time t, in the non-uniform temperature field, the 
distance which is measured by LT can be calculated by [7] 
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where, lm is the measurement value of distance at time t. 
n(Tm) is the refractive index of the air at the temperature Tm, 
which is measured by the temperature sensor of LT system. 
n(Ts) is the refractive index of the air at the temperature T and 
position s of time t . The refractive index is expanded about its 
value at temperature Tm, 
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The quantities ∂n/∂T and n(Tm) are approximately constant 
(-1×10-6ć -1 and 1) in temperature variation range of 
production environment. Therefore,  6 11 10 Cm ll l T l l eG  q   u                                         
(7) 
where TG  is the average of δTs over the laser beam path. el 
is the fractional error along the laser path. 
Measurement station optimization based on MC 
Principle of the Monte-Carlo method 
The MC method is a probability simulation method. It 
utilizes random sampling of variables which follow specific 
probability distributions, gets the simulated output through 
model function, and calculates the final estimation values 
using probability theory. According to the GUM [8], the 
standard measurement uncertainty uM is calculated though 
the function model: 
   , 1,2iM f m i n                                                         
(8)  2 22 2i i jM m ij m m
i ji i j
M M M
u u u u
m m m
U

§ ·w w w ¨ ¸w w w© ¹¦ ¦          
(9) 
where M and uM are the measurement value and its 
measurement uncertainty; mi and umi are variable inputs and 
these measurement uncertainties. ρij is the correlation 
coefficient of mi and mj. 
The MC method provides a flexible and common way 
solving this problem, and its correctness is also proved in 
theory [9].The simulate measurement value can be written as  
   , 1,2is i i mM f m r u i n           
(10) 
where Ms is the simulation value of measurement result. 
im is the actual values of variable inputs and ri is random 
number in accordance with probability density function of 
umi. 
Uncertainty mathematical model  in non-uniform 
temperature field 
In a production environment, the non-uniform temperature 
field is not constant. By combining formula (2) and formula 
(7), the measurement mathematical model of LT can be 
written as  
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where (xm,t, ym,t, zm,t) are the measurement  coordinates value 
of point P at the time t. αm,t and βm,t are the horizontal angle 
and the zenith angle at the time t. Obviously, the values of  
αm,t and βm,t  are time-independent. Therefore, equation (12) 
can be improved to 
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According to the Central Limit Theorem, (εl, εα, εβ) obey 
the Gaussian distribution and can be expressed by 
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where (σl, σα, σβ) are the parameters which are provided by LT 
manufacturer. 
Assuming that the average of δTs,t over the laser beam path 
in this time range is (T0, T1,Ă Ăˈ Tn), because the 
measurement task can be conducted at random moment from 
time t0 to tn, the measurement uncertainty induced by non-
uniform temperature field can be influenced by any value of 
δTs,t. Therefore, with regard to el,t, a discrete distribution can 
be used.  According to formula (7), the el,t can be obtained. 
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In the measurement simulation, the values of  (T0, T1,ĂĂˈ
Tn) can be obtained by software for computational fluid 
dynamics. 
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Based on the formula (14) and (15), a series of random 
errors which conform to distribution function can be 
generated. Then, simulation measurement values can be 
obtained by equation (11) and (12). Repeating the above steps 
n times, observation samples (Pm1, Pm2……, Pmn) can be 
acquired.  The measurement uncertainty can be calculated by 
 
2 2 2
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where, u is standard uncertainty. ux, uy and uz are projection 
along three coordinate axes of u. They can be computed by 
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2.3. Procedure of measurement station optimization  
When a number of points (P1,P2,……Pn) are measured by 
LT, the measurement uncertainty of each point are 
(u1,u2,……un). The total uncertainty utotal can be used to 
evaluate the uncertainty of the measurement task. It can be 
computed by 
 
2
, 1,2.......itotal
u
u i n
n
  ¦                                              (18) 
LT can conduct measurement task at any station as long as it 
meets the visibility requirement. However, different 
measurement uncertainties will be occurred when different 
configuration stations are used. An optimal LT configuration 
station can be obtained when  
 
 min totalu u                                                                  (19) 
Supposing that the measurement task can be done as long 
as  LT is configured at random position of a feasible domain 
D{xęX, yęY, zęZ }. The optimal configuration of LT 
station can be acquired in following phases, which can be 
executed as Fig.3 shows. 
(1) Preparation. In this phase, the domain D can be 
discretized into a series of stations. Every measurement point 
can be measured when LT is configured at these stations. 
Meanwhile, by using software for computational fluid, the 
temperature field during a time period of the whole 
measurement space can be obtained. The average of δTs,t over 
the laser beam path from LT station to measurement point in 
this time range can be extracted from the results output from 
computational fluid software.  
 
Fig. 3 Optimal configuration station computation process 
(2) Computation. A set of points to be measured is 
input in this phase. A random station which belongs to 
domain D can be selected first. Based on formula (11) to 
formula (15) and the results of the temperature field, n groups 
of measurement results of these points can be acquired using 
MC method. Through statistical analysis, the total uncertainty 
of this set of points can be computed. 
(3) Output. By iterative computing, total uncertainty of 
the points set when LT are configured at different stations can 
be obtained. According to equation (19), the minimum value 
of total uncertainty and the optimal configuration station of 
LT can be determined.  
3. Experiment Verification 
This paper implements the proposed optimization method 
for solving optimal LT station based on the ILVMS[10] by 
developing related module with secondary development 
technology of CATIA using CAA. And it shows LT 
optimization configuration with an example of measurement 
scenario about aircraft door inspection jig. The measuring 
object is a set of OTPs on the inspection jig, shown as in Fig. 
4. Because obstacles exist in the measurement environment, 
LT should be configured in the domain D to meet the 
visibility requirement. The domain D can be discretized as a 
set of points which can be called stations, and world 
coordinates of these stations can be seen in Table 1. In this 
example, 12 stations are discretized for the station domain. 
API-T3 LT was used to conduct the measurement task in this 
experiment. The typical error of the LT is 10μm+0.8ppm (σl) 
in length measurement and about (σα=σβ) in angles 
measurement. 
Table 1 Discrete points of feasible Domain (D) 
Station number X(m) Y(m) Z(m) 
1# 3029.0 -1713.93 -1910 
2# 3029.0 -2735.93 -1910 
3# 3029.0 -3757.93 -1910 
4# 3864.337 -1713.93 -1910 
5# 3864.337 -2735.93 -1910 
6# 3864.337 -3757.93 -1910 
7# 4699.647 -1713.93 -1910 
8# 4699.647 -2735.93 -1910 
9# 4699.647 -3757.93 -1910 
10# 5535.011 -1713.93 -1910 
11# 5535.011 -2735.93 -1910 
12# 5535.011 -3757.93 -1910 
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Fig. 4 inspection jig for aircraft door
3.1. Non-uniform temperature field simulation 
Assuming that the measurement task will take  two hours 
in the workshopˈaccording to the process of configuration 
station optimization, the time varying temperature field of 
measurement space in this time interval should be analyzed 
first. The dimensions of the workshop are 15m×10m×5m, and 
there are two inlets, as Fig.5 shown. 
ANSYS-FLUENT, which is a commercial computational 
fluid software, is used in this paper and the main boundary 
conditions for the simulating temperature field are shown in 
Table 2. 
Furthermore, there are two air-inlets and two air outlets to 
regulate the temperature field of the measurement space. The 
parameters of inlets and outlets can be seen in Table 3. 
The k-ε computation model is selected to conduct the 
analysis, and the time interval is set to five minutes. Fig.6 is 
temperature field simulation result at t=60min.  
 
Table 2 Main boundary conditions 
Front 
wall 
(K) 
Back 
wall 
(K) 
Right 
wall 
(K) 
Left 
wall 
(K) 
Bottom 
wall 
(K) 
Upper 
wall 
(K) 
Coefficient of Heat 
transfer (wall and 
air) (W/(m2·K)) 
308 306 308 306 307 307 1.8 
 
Fig. 5 Measurement workspace  
Table 3 Parameters of inlets and outlets 
Inlet 
temperature 
(K) 
Inlet 
velocity 
(m/s) 
Hydraulic 
radius of inlet 
(m) 
Hydraulic 
radius of inlet 
(m) 
Pressure 
of outlet 
(MPa) 
289 3 0.8 0.8 0.1 
 
 
Fig. 6 Temperature field (t=60min) 
3.2. Configuration optimization for laser lacker station 
The optimal configuration station of LT can be solved 
according to steps of section 3.3. The optimization 
mathematical model is implemented on computer by PSO 
method [11], which  is a computational method that optimizes a 
problem by iteratively trying to improve a candidate solution 
with regard to a given measure of quality. Moreover, 
enumeration methods also can be used if there are not too 
many discrete stations. 
Parameters of PSO can be set as: 
z Particle: {(X, Y, Z)| (X, Y, Z)ęD}; 
z  Number of particle: 30; 
z  Fitness function F=min(utotal). 
The main steps of PSO are as following. 
Step 1. Every feasible station is modeled as a three 
dimensional particle (X, Y, Z). Each particle is assigned a 
randomized velocity vector xi and a postion vector vi, and the 
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potential solutions, called particles, are then “flown” through 
the problem space. Each particle keeps track of its coordinates 
in the problem space which are associated with the 
uncertainty of the measurement task that has been achieved so 
far. This value is called pbest. Another “best” value that is 
tracked by the global version of the particle swarm optimizer 
is the overall best value, and its location , obtained so far by 
any particle in the population. This location is called gbest. 
Step 2. Using PSO to compute the degree of fitness, then  
pbest and gbest can be achieved. In each iteration, the particle 
updates its own velocity and position. The particle changes 
the velocity and the position of the particle according to 
 
i i ir x x v                                                                        (20) 
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The acceleration constants c1 and c2 represent the weighting 
of the stochastic acceleration terms that pull each particle 
toward pbest and gbest positions. Early experience with PSO 
lead us to set c1=c2=2. η and ξ are random number in [0, 1]. 
The w is the inertia weight, whose value can be achieved by 
the following equation, 
 
max max min( ) /w W n W W N                                               (22) 
where, Wmax and Wmin are the upper and the lower limitation 
of w. N is the maximum number of iterations, n is the current 
iteration times. 
Step 3. Keeping on searching pbest and gbest according to 
updated particles, until conditions of terminating iteration is 
met.  
Step 4. The optimal configuration station of LT can be found 
out (station 1#), as Fig. 7 shows. 
Furthermore, in order to validate effectiveness of the 
proposed method, measurement task uncertainties when LT at 
all stations are compared with each other. The result shows 
that the measurement is smallest when laser tracker is 
configured at station 1#(0.0272mm). 
4. Conclusions  
This paper presented a novel approach to solve optimal LT 
configuration station in non-uniform temperature field. 
Meanwhile, considering the influence of LT system errors and 
errors induced by non-uniform temperature field, a 
measurement mathematical model for LT is established. This 
model is general and practical for any measurement workshop 
with non-uniform temperature field. 
Through the secondary development technology of CATIA, 
this paper realized all the process and algorithms of solving 
optimal configuration station of LT. 
An experiment of measurement scenario about aircraft 
door inspection jig has been used to verify that the proposed 
method is effective. The method is able to find the optimal 
configuration station to reduce the measurement uncertainty. 
 
 
Fig. 7 Optimal configuration station output 
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